Radiometric calibration of satellite imaging sensors should be performed periodically to account for the effect of sensor degradation in the space environment on image accuracy. In this study, we performed vicarious radiometric calibrations (relying on in situ data) of multispectral imaging sensors on the Korea multi-purpose satellite-3 and -3A (KOMPSAT-3 and -3A) to adjust the existing radiometric conversion coefficients according to time delay integration (TDI) adjustments and sensor degradation over time. The Second Simulation of a Satellite Signal in the Solar Spectrum (6S) radiative transfer model was used to obtain theoretical top of atmosphere radiances for both satellites. As input parameters for the 6S model, surface reflectance values of well-characterized pseudo-invariant tarps were measured using dual ASD FieldSpec ® 3 hyperspectral radiometers, and atmospheric conditions were measured using Microtops II ® Sunphotometer and Ozonometer. We updated the digital number (DN) of the radiance coefficients of the satellites; these had been used to calibrate the sensors during in-orbit test periods in 2013 and 2015. The coefficients of determination, R 2 , values between observed DNs of the sensors, and simulated radiances for the tarps were more than 0.999. The calibration errors were approximately 5.7% based on manifested error sources. We expect that the updated coefficients will be an important reference for KOMPSAT-3 and -3A users.
Introduction
Radiometric calibration of satellite sensors involves converting a measured digital number (DN) to physical units of radiance (e.g., reflectance) to provide reliable quantified scientific data. The process can be classified into pre-and in-flight calibrations [1] . Pre-flight calibration is conducted using laboratory experiments of a well-known radiance source to determine the linear relationship between DN and radiance for each spectral band of the satellite sensor. Although the satellite imaging sensor of the launched satellite is well calibrated by the pre-flight process, the sensor responses to radiometric targets tend to change in orbit because of the differences between laboratory and space environments. The imaging sensor is also influenced by outgassing phenomena, extreme temperature conditions, and exo-atmospheric solar radiation, which affects optical transmission and the charge-coupled device (CCD) [2] [3] [4] . In addition, sensor aging over time contributes to sensor degradation [5, 6] . In a previous report on sensor degradation of the advanced very high-resolution radiometer (AVHRR), band 1 (0.58-0.68 nm) and 2 (0.725-1.00 nm) responses decreased by 4.5% and 3.6%, respectively, in just one year [6] . A report on the Landsat-7 onboard lamp 1, which is typically operational during imaging, showed a decrease of between 1.9% (band 7, 2080-2350 nm) and nearly 30% (band 1, 450-515 nm) in the seven bands over ten years [7] . Therefore, the DN to radiance coefficient must be periodically updated to maintain the quality of satellite imagery [8, 9] .
There are three typical approaches used to radiometrically calibrate satellite imaging sensors in orbit: onboard, cross-(or inter-) satellite, and vicarious (relying on in situ data) calibration [3, 9, 10] . Onboard calibration is processed by onboard-mounted calibrators (e.g., a solar diffuser and a blackbody gain monitor) on a satellite, using artificial or natural sources such as lamps, deep space, or the sun, as reference targets. Onboard calibrators provide an opportunity to periodically monitor the performance and stability of the imaging sensor and perform radiometric calibrations at a high temporal frequency [3, 4] . However, it is difficult to mount such calibrators on satellites due to the constraints of power, weight, cost, and the space environment [9, 11] . Furthermore, calibrator performance must be regularly checked or compensated for by other calibration approaches because over time, uncertainties would increase due to degradation of the calibrators [6] .
Cross-calibration is commonly applied to numerous imaging sensors. Typical examples include the advanced space-borne thermal emission and reflection radiometer (ASTER), the moderate resolution imaging spectroradiometer (MODIS), and Landsat TM/ETM+ [12] [13] [14] [15] . Obtaining the reference radiance using this approach is more straightforward than in other calibration methods because the imaging sensor can be calibrated using only satellite images. Cross-calibration employs another well-calibrated satellite imaging sensor and stable radiance from relatively homogeneous land cover such as a desert, deep ocean or lakes, a snowfield, or the top of thick convective clouds [4, 9, 16] . Nevertheless, several factors can cause errors, including a gap in imaging times, a difference of spectral response functions, a fully non-homogeneous radiance of the reference target, and different viewing geometries and spatial resolution [8, 9, 17] .
Meanwhile, vicarious calibration relies on in-situ data and is processed using a radiative transfer model based on well-characterized natural or artificial targets determined from a field campaign and measurements of atmospheric aerosol optical depth (AOD), water vapor, ozone, and CO 2 concentration. This approach requires labor-intensive efforts and substantial time to obtain consistent radiance data from the reference target because not only is it challenging to find homogenous land cover in nature, but it is not easy to obtain reference radiance values in the field at the exact time when the satellite of interest passes under bright conditions. Moreover, making artificial reference targets or constructing the necessary instruments to obtain in situ data can be expensive [18] . Nevertheless, this radiometric calibration approach is employed in many studies because it provides highly accurate results using optimal information on ground truth data at the time of satellite imaging and excellent reference targets when using pseudo-invariant tarps, e.g., a black target can be made similar to a blackbody [6, [18] [19] [20] [21] .
In this study, the vicarious radiometric calibration approach based on in situ data was applied to the Korea multi-purpose satellite-3 and -3A (KOMPSAT-3 and -3A/Arirang-3 and -3A), which are sun-synchronous orbit satellites launched on 25 May 2012 and 25 March 2015, respectively. Both satellites use the same satellite bus and payload. The main difference between them is that only KOMPSAT-3A has an infrared sensor to monitor day-and-night, and it has a higher spatial resolution than KOMPSAT-3. The objective of the satellites was to develop an Earth observation system using panchromatic, multispectral, and infrared (only for KOMPSAT-3A) imagery with very high spatial resolution for monitoring of the surface environment, vegetation, ocean, and natural disasters [22] . Initial radiometric calibrations of the satellites were previously reported for the initial satellite conditions during the in-orbit test (IOT) periods in 2013 and 2015, respectively [11, 22] . However, it is necessary to reexamine the sensor responses and update the DN to radiance coefficients, because four and two years have passed, respectively, since the initial radiometric calibration. Additionally, on 22 August 2015, the TDI (Time Delay Integration) values of KOMPSAT-3A multispectral bands changed due to their lower sensitivity to low surface reflectance area values. Therefore, the coefficients should also be adjusted by performing a new vicarious calibration for consistent radiance values. Although most studies related to these satellites have focused on the verification and calibration of the imaging sensors [23] [24] [25] [26] [27] [28] [29] [30] , efforts to improve and conserve the quality of satellite images must be maintained. Therefore, this study performs an absolute radiometric calibration of KOMPSAT-3 and -3A multispectral images from electro-optical imaging sensors to obtain the latest DN to radiance coefficients.
Materials and Methods
The characteristics of high-resolution optical satellites include a narrow field of view (FOV) and a long revisit time. Therefore, it is difficult to perform radiometric calibration with a high temporal frequency using natural targets such as deep convection clouds, the deep ocean, or bright deserts. On the contrary, a field campaign using artificial reference targets, typically tarps, can be a useful way to calibrate a high-resolution satellite sensor. In this study, vicarious radiometric calibrations of KOMPSAT-3 and -3A multispectral imaging sensors were performed using radiometric tarps and atmospheric measurements. Table 1 shows detailed specifications of the KOMPSAT-3 and -3A sensors, where the main difference between the satellites is their spatial resolution and the presence of IR channels mounted on KOMPSAT-3A. Although the detailed sensor specifications are slightly different, the multispectral bands of the Advanced Earth Image Sensor System (AEISS) and AEISS-A, mounted on KOMPSAT-3 and -3A, respectively, have the same spectral response functions (SRF) and practical spectral ranges as the bands affected by atmospheric constituents and the surface. Therefore, the same algorithm was used for the vicarious radiometric calibration of each satellite sensor using the radiative transfer model. Figure 1 shows images of the study area for each field campaign site; the left column shows the RGB images and the right column is a subset of images of the multispectral bands from KOMPSAT-3 and -3A. For the field campaigns, we prepared four distinctive radiometric tarps with reflectances ranging from approximately 3% to 60% (Figure 1b ,d,f). The canvas tarps were chemically treated to obtain constant reflectance values from the samples. The size of each of tarp was 10 m × 20 m; at the Mongolia site, larger tarps were used (20 m × 20 m, Figure 1f ). Considering the spatial resolution of KOMPSAT-3 and -3A, the minimum number of observed pixels in the horizontal direction for tarps in the satellite image was 3 for KOMPSAT-3 and 4 for -3A. We selected the center pixels of each tarp as reference pixels to minimize radiometric interference from neighboring pixels since the size of the tarps are wider than the effective function of the point spread function of the AEISS charge-coupled device (CCD) camera [31, 32] . shows images of the study area for each field campaign site; the left column shows the RGB images and the right column is a subset of images of the multispectral bands from KOMPSAT-3 and -3A. For the field campaigns, we prepared four distinctive radiometric tarps with reflectances ranging from approximately 3% to 60% (Figure 1b ,d,f). The canvas tarps were chemically treated to obtain constant reflectance values from the samples. The size of each of tarp was 10 m × 20 m; at the Mongolia site, larger tarps were used (20 m × 20 m, Figure 1f ). Considering the spatial resolution of KOMPSAT-3 and -3A, the minimum number of observed pixels in the horizontal direction for tarps in the satellite image was 3 for KOMPSAT-3 and 4 for -3A. We selected the center pixels of each tarp as reference pixels to minimize radiometric interference from neighboring pixels since the size of the tarps are wider than the effective function of the point spread function of the AEISS charge-coupled device (CCD) camera [31, 32] . For the vicarious calibration, we performed several field campaigns at each site to acquire reliable tarp reflectance values; however, the available images for sensor calibration were limited due to cloudy weather conditions. Table 2 shows the selected geometric conditions of KOMPSAT-3 and -3A images used for radiometric calibration. We obtained only four valid field campaign measurements, despite attempting at least ten. Additionally, for the KOMPSAT-3 images observed on 14 May 2017 and 27 July 2017, the viewing zenith angles of the satellite sensor were greater than 10°; this means that bidirectional reflectance distribution (BRD) effects of the surface target are expected. Thus, the BRD function (BRDF) of the reference radiometric tarps should be measured, thereby reducing the uncertainty of the BRDF effect, in order to use them as radiometric calibration samples. Primary processing of the vicarious calibration using a radiative transfer model depends on the simulation quality of the theoretical top of atmosphere (TOA) radiance received by spectral sensors of KOMPSAT-3 and -3A. In this study, the Second Simulation of a Satellite Signal in the Solar Spectrum (6S) radiative transfer model (RTM) was mainly used to simulate TOA radiance according to the SRF of satellite sensors [33] by considering various advantageous input parameters, predominantly related to surface reflectance and atmospheric effects. The 6S model was validated using other RTMs and was found to be consistent with other RTMs to within 1%, according to previous reports [34, 35] , meaning that it is useful for calibrating satellites to the requested accuracy. Figure 2 presents a flowchart of the vicarious radiometric calibration of KOMPSAT-3 and -3A using the 6S model.
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Results

Laboratory-Based BRDF Measurements of Tarps
The BRDF measurement is used to infer reflectance at a given viewing geometry and to compute a hemispheric albedo from a reflectance measurement made from a specific direction [37] . The accuracy of such tarp-based field calibrations depends on accurate knowledge of the tarps' laboratory-measured BRDF at a variety of source illuminations and detector scatter angles [38] , since the BRDF effect is considered an unknown error quantity in the reflectance values [39] . In the case of KOMPSAT-3 and -3A, the observed surface reflectance from optical sensors are affected by the surface BRDF effect on deployed tarps even though they were carefully constructed to be flat and chemically treated to have a constant reflectance [11] . When measuring laboratory BRDF for the four field campaign cases using a hyperspectral gonioreflectometer, we only use the first case field campaign of KOMPSAT-3 as an illustration in Table 2 . This is because the last two KOMPSAT-3 and -3A cases, performed at Zuunmod, Mongolia, are close to the nadir direction viewing zenith angle, which results in negligible BRDF effects of surface radiometric tarps due to an observation geometry similar to that of the ASD Fieldspec ® 3. Moreover, in the second case using KOMPSAT-3, acquired 
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Laboratory-Based BRDF Measurements of Tarps
The BRDF measurement is used to infer reflectance at a given viewing geometry and to compute a hemispheric albedo from a reflectance measurement made from a specific direction [37] . The accuracy of such tarp-based field calibrations depends on accurate knowledge of the tarps' laboratory-measured BRDF at a variety of source illuminations and detector scatter angles [38] , since the BRDF effect is considered an unknown error quantity in the reflectance values [39] . In the case of KOMPSAT-3 and -3A, the observed surface reflectance from optical sensors are affected by the surface BRDF effect on deployed tarps even though they were carefully constructed to be flat and chemically treated to have a constant reflectance [11] . When measuring laboratory BRDF for the four field campaign cases using a hyperspectral gonioreflectometer, we only use the first case field campaign of KOMPSAT-3 as an illustration in Table 2 . This is because the last two KOMPSAT-3 and -3A cases, performed at Zuunmod, Mongolia, are close to the nadir direction viewing zenith angle, which results in negligible BRDF effects of surface radiometric tarps due to an observation geometry similar to that of the ASD Fieldspec ® 3.
Moreover, in the second case using KOMPSAT-3, acquired on 27 July 2017, at Naju, a non-negligible BRDF effect is caused by the reflectance of radiometric tarps because KOMPSAT-3 had the largest the viewing zenith angle (21.833 • ). However, the two-dimensional hyperspectral gonioreflectometer could not measure the BRDFs of sample targets when the illumination and reflection angle was within 2 • (under backward scattering geometry conditions) because the illuminator and detector sensors can become overlapped and thus impossible to measure ( Figure 3 ). Therefore, we consider only the BRDF effect of the first field campaign on 14 May 2017 by reflecting the angle of incidence and reflection using a hyperspectral gonioreflectometer designed to measure two-dimensional BRDFs for the principal plane with a 3-nm radiometric resolution in the 380-1000 nm wavelength range [40] .
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(θ , θ , ) is designed for the nadir direction of ASD FieldSpec ® 3; therefore, the reflection angle was fixed as the nadir direction (θ = 0°). ANIF is an intuitive reflectance anisotropy measure that varies in theory between 0° and ∞ [24] . Figure 4 presents the measured ANIF values of the four tarps according to KOMPSAT-3 geometry, which is the first case in Table 2 . The geometry conditions of the laboratory BRDF measurement include an incident angle of 28.500° and a detection angle of 17.202°. According to Table  2 , forward not backward scattering of the reflectance radiance is expected, because the relative azimuth angle between the sun and the sensor is 102.4°. Figure 4a ,c,e,g shows backward scattering and Figure 4b ,d,f,h shows forward scattering geometry. The measured ANIF values according to wavelength spectral bands are shown as red points, the uncertainty of the BRDF measurement is represented by the vertical error bar, and the blue dashed line signifies that no BRDF effect is expected due to an ANIF value of 1. Under forward scattering conditions, the ANIF values from laboratorybased BRDF measurements depend on the spectral wavelength ( Figure 4 ). ANIF values from laboratory-based BRDF measurements were then used to normalize tiled KOMPSAT-3 geometry to the nadir direction for the first case in Table 2 . In this study, anisotropy factors (ANIFs) of each radiometric tarp were measured using the following equation [22] to normalize sensor viewing geometry to ASD Fieldspec ® 3 geometry:
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Hyperspectral Reflectances of Tarps Using Dual ASD FieldSpec ® System
Reflectance values of four reference tarps, including wavelength spectral ranges (350-950 nm) of KOMPSAT-3 and -3A, were obtained using the ASD FieldSpec ® 3 hyperspectral radiometer ( Figure  5 ). This radiometer has been widely used for vicarious calibration of satellite imaging sensors because it is reliable and can measure a broad spectral range between 350 nm and 2500 nm [41] [42] [43] . The full width at half maximum (FWHM) of the radiometer is 3 nm in the range 350-700 nm and 10 nm from 700-2500 nm. Sampling spectral intervals are 1.4 nm (350-1000 nm) and 2 nm (100-2500 nm), respectively. The primary field of view for the optical fiber to measure the reflected radiance is 25° at a height of 1.5 m.
Before measuring the tarp reflectance, the radiometer sensor should be calibrated under the field conditions at the time of measurement to prevent saturation from downwelling irradiance, including optimization and dark current correction processes. This procedure is also the process to convert a digital number of the radiometer into the reflected radiance (W cm −2 nm −1 sr −1 ). To obtain the 
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Before measuring the tarp reflectance, the radiometer sensor should be calibrated under the field conditions at the time of measurement to prevent saturation from downwelling irradiance, including optimization and dark current correction processes. This procedure is also the process to convert a digital number of the radiometer into the reflected radiance (W cm −2 nm −1 sr −1 ). To obtain the downwelling irradiance information for the calibration, a spectralon white reference panel was used (30.5 × 30.5 cm), which has an almost Lambertian reflectance of close to approximately 99%. The calibration should be regularly repeated whenever lighting conditions change, even by a small amount. Under non-clear sky conditions, this requires substantial time and effort because the user has to wait for clouds to pass and frequent calibrations are required to maintain constant lighting conditions at the time of calibration and measurement. Therefore, it is preferable to perform the field campaign in clear sky conditions with no clouds. However, it is rare that ideal sky conditions and the satellite image acquisition time coincide in practice. Hence, the error caused by the difference between the calibration and measurement times is the most problematic issue with the ASD FieldSpec ® 3 radiometer.
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Microtops II ® Sunphotometer and Ozonometer Measurement of Atmospheric Conditions
Microtops II ® Sunphotometer and Ozonometer were used to measure atmospheric information. Both have been widely used in vicarious calibration of satellite imaging sensors [3, 4, 41, 44] . The measurement factors, including AOD, water vapor, and ozone, were used to run the 6S model as input parameters (Figure 8a ). These instruments have the advantage of being lightweight (600 g), small in size (10 × 20 × 4.3 cm), easy to operate, and relatively low in cost. The Sunphotometer has two visible and three near-infrared (NIR) channels (440, 675, 870, 936, and 1020 nm) to measure AOD and water vapor. The Ozonometer has three ultraviolet B (UVB) channels (305, 312, and 320 nm) to measure total ozone. The instruments were fixed on a tripod to measure the atmospheric information, 
Microtops II ® Sunphotometer and Ozonometer were used to measure atmospheric information. Both have been widely used in vicarious calibration of satellite imaging sensors [3, 4, 41, 44] . The measurement factors, including AOD, water vapor, and ozone, were used to run the 6S model as input parameters (Figure 8a ). These instruments have the advantage of being lightweight (600 g), small in size (10 × 20 × 4.3 cm), easy to operate, and relatively low in cost. The Sunphotometer has two visible and three near-infrared (NIR) channels (440, 675, 870, 936, and 1020 nm) to measure AOD and water vapor. The Ozonometer has three ultraviolet B (UVB) channels (305, 312, and 320 nm) to measure total ozone. The instruments were fixed on a tripod to measure the atmospheric information, which typically results in a significant standard deviation of approximately 0.23% according to Microtops II ® user guide (version 2.43); however, this can change according to user skill or atmospheric conditions. The 6S model used to determine the TOA radiances for the KOMPSAT-3 and -3A requires the AOD to be in the 550 nm channel [11, 21] ; however, this does not exist in the Sunphotometer. In this study, the Ångström exponent [45] was used to estimate the AOD in the 550 nm channel. The exponent is an empirical function indicating that the dependence of AOD on the spectral wavelength is inversely related [17, 44, 46] . Therefore, when the AODs for the two wavelengths are obtained, the AOD between both wavelengths can be estimated through the following empirical Ångström equation:
where τ λ is the AOD at wavelength λ, τ λ 0 is the AOD at reference wavelength λ 0 , and α is the Ångström parameter. The following equation calculates this parameter:
where τ 1 and τ 2 are the AOD of two different spectral wavelengths λ 1 and λ 2 , respectively. In this study, the AODs at 440 and 870 nm were used to determine the Ångström parameter ( Figure 8b) . Table 3 shows the measured values of water vapor (g cm −2 ), total ozone (cm-atm), and AOD in 550 nm used as the atmospheric input parameters of the 6S model. which typically results in a significant standard deviation of approximately 0.23% according to Microtops II ® user guide (version 2.43); however, this can change according to user skill or atmospheric conditions. The 6S model used to determine the TOA radiances for the KOMPSAT-3 and -3A requires the AOD to be in the 550 nm channel [11, 21] ; however, this does not exist in the Sunphotometer. In this study, the Ångström exponent [45] was used to estimate the AOD in the 550 nm channel. The exponent is an empirical function indicating that the dependence of AOD on the spectral wavelength is inversely related [17, 44, 46] . Therefore, when the AODs for the two wavelengths are obtained, the AOD between both wavelengths can be estimated through the following empirical Ångström equation:
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where and are the AOD of two different spectral wavelengths and , respectively. In this study, the AODs at 440 and 870 nm were used to determine the Ångström parameter (Figure 8b) . Table 3 shows the measured values of water vapor (g cm −2 ), total ozone (cm-atm), and AOD in 550 nm used as the atmospheric input parameters of the 6S model. 
Determination of DN to Radiance Coefficients for KOMPSAT-3 and -3A
Finally, in this study, we updated the DN of the radiance coefficients of KOMPSAT-3 and -3A in light of the changed TDI adjustment of the payload CCD specification for KOMPSAT-3A and of the fact that sensor degradation over time is expected, especially for KOMPSAT-3. Table 4 shows the estimated radiometric calibration coefficients (scale) and offsets from intensive field campaigns during 2017. In the case of KOMPSAT-3A, although only one scale factor was estimated, despite several field observations, the geometric and atmospheric conditions in Tables 2 and 3 are valid for determining DN to satellite radiance coefficients. The viewing zenith angle of KOMPSAT-3A acquired on 19 September 2017 is 3.112 • , meaning that a negligible BRDF effect is expected because the geometric difference between ASD and KOMPSAT-3A is less than 5 • . Figure 9 shows the scatterplots between KOMPSAT-3A DN and TOA radiance from the 6S radiative transfer model for four multispectral bands. The scatter plots of TOA radiance calculated from four distinctive radiometric tarps and the KOMPSAT-3A DN values are closely located along the lines of linear regression in each spectral band. Additionally, the coefficient of determination (R 2 ) values all exceed 0.999, indicating that the suggested methods are suitable for determining DN to radiance coefficients. 
Finally, in this study, we updated the DN of the radiance coefficients of KOMPSAT-3 and -3A in light of the changed TDI adjustment of the payload CCD specification for KOMPSAT-3A and of the fact that sensor degradation over time is expected, especially for KOMPSAT-3. Table 4 shows the estimated radiometric calibration coefficients (scale) and offsets from intensive field campaigns during 2017. In the case of KOMPSAT-3A, although only one scale factor was estimated, despite several field observations, the geometric and atmospheric conditions in Tables 2 and 3 are valid for determining DN to satellite radiance coefficients. The viewing zenith angle of KOMPSAT-3A acquired on 19 September 2017 is 3.112°, meaning that a negligible BRDF effect is expected because the geometric difference between ASD and KOMPSAT-3A is less than 5°. Figure 9 shows the scatterplots between KOMPSAT-3A DN and TOA radiance from the 6S radiative transfer model for four multispectral bands. The scatter plots of TOA radiance calculated from four distinctive radiometric tarps and the KOMPSAT-3A DN values are closely located along the lines of linear regression in each spectral band. Additionally, the coefficient of determination (R 2 ) values all exceed 0.999, indicating that the suggested methods are suitable for determining DN to radiance coefficients. In the case of KOMPSAT-3, however, three cases of scale factors were estimated by performing field campaigns during the study period due to benign weather conditions. However, comparing each scale factor in Table 4 shows that these are non-negligibly different values, which would cause a substantial TOA radiance error despite using the same KOMPSAT-3 data. The major reason for the scale factor difference is likely the large viewing zenith angles of KOMPSAT-3 because the greater the tilt of the satellite zenith angle, the more substantial the BRDF effect of the surface radiometric tarps. The last field campaign of KOMPSAT-3 at the Zuunmod site in Mongolia (Table 4) , acquired on 18 June 2015 exhibits the best results because the viewing zenith angle of the satellite is similar to the nadir direction of ASD Fieldspec ® 3. Figure 10 shows the scatterplots between KOMPSAT-3 DN and simulated TOA radiance for all multispectral bands acquired on 20 September 2017. Through this relationship, the scale factor of the last column of Table 4 is determined as the KOMPSAT-3 DN to radiance coefficients for four multispectral bands. All the dots between TOA radiance and KOMPSAT-3 for four distinctive radiometric tarps are closely located over the linear least-square fit lines. Additionally, the R 2 values for all spectral bands are 0.999, indicating that the determined scale factors are reasonable for converting DN to radiance with reliable accuracy. In the case of KOMPSAT-3, however, three cases of scale factors were estimated by performing field campaigns during the study period due to benign weather conditions. However, comparing each scale factor in Table 4 shows that these are non-negligibly different values, which would cause a substantial TOA radiance error despite using the same KOMPSAT-3 data. The major reason for the scale factor difference is likely the large viewing zenith angles of KOMPSAT-3 because the greater the tilt of the satellite zenith angle, the more substantial the BRDF effect of the surface radiometric tarps. The last field campaign of KOMPSAT-3 at the Zuunmod site in Mongolia (Table 4) , acquired on 18 June 2015 exhibits the best results because the viewing zenith angle of the satellite is similar to the nadir direction of ASD Fieldspec ® 3. Figure 10 shows the scatterplots between KOMPSAT-3 DN and simulated TOA radiance for all multispectral bands acquired on 20 September 2017. Through this relationship, the scale factor of the last column of Table 4 is determined as the KOMPSAT-3 DN to radiance coefficients for four multispectral bands. All the dots between TOA radiance and KOMPSAT-3 for four distinctive radiometric tarps are closely located over the linear least-square fit lines. Additionally, the R 2 values for all spectral bands are 0.999, indicating that the determined scale factors are reasonable for converting DN to radiance with reliable accuracy. In the case of KOMPSAT-3, however, three cases of scale factors were estimated by performing field campaigns during the study period due to benign weather conditions. However, comparing each scale factor in Table 4 shows that these are non-negligibly different values, which would cause a substantial TOA radiance error despite using the same KOMPSAT-3 data. The major reason for the scale factor difference is likely the large viewing zenith angles of KOMPSAT-3 because the greater the tilt of the satellite zenith angle, the more substantial the BRDF effect of the surface radiometric tarps. The last field campaign of KOMPSAT-3 at the Zuunmod site in Mongolia (Table 4) , acquired on 18 June 2015 exhibits the best results because the viewing zenith angle of the satellite is similar to the nadir direction of ASD Fieldspec ® 3. Figure 10 shows the scatterplots between KOMPSAT-3 DN and simulated TOA radiance for all multispectral bands acquired on 20 September 2017. Through this relationship, the scale factor of the last column of Table 4 is determined as the KOMPSAT-3 DN to radiance coefficients for four multispectral bands. All the dots between TOA radiance and KOMPSAT-3 for four distinctive radiometric tarps are closely located over the linear least-square fit lines. Additionally, the R 2 values for all spectral bands are 0.999, indicating that the determined scale factors are reasonable for converting DN to radiance with reliable accuracy. In Table 4 , the main reasons for scale difference between KOMPSAT-3 and -3A are the use of different TDI values and the deterioration of KOMPSAT-3. The reason for applying difference TDIs in this case is that the sensitivity of each sensor changes differently after launch, and TDIs are adjusted to enhance the image interpretation using relative radiometric correction to meet the purpose of satellite mission.
Lastly, we compared the previous and updated scale factors for the multispectral sensors of the two satellites (Table 5 ). In KOMPSAT-3, the updated scale factors increased more for all spectral bands than they did in previous ones. It means that the sensor sensitivities were decreased. On the other hand, for KOMPSAT-3A, the scale factors decreased compare to previous ones except for the blue band. This is because the sensor sensitivities of KOMPSAT-3A was increased through adjusting the TDI values due to lower sensitivities after the sensor calibration had been performed last time, as mentioned above. 
Discussion
In this study, we officially updated the DN to radiance coefficients for KOMPSAT-3 and -3A to ensure that accurate and quantitative images are available for practical use, as the imaging sensor needs to be calibrated both geometrically and radiometrically [27, 28] . Because the accuracy of radiometric calibration ultimately influences all relevant fields utilized by KOMPSAT-3 and -3A, it is essential to determine the variations of KOMPSAT-3 and -3A due to TDI adjustments and sensor degradation over time.
We acquired the four scale factors during the study period in 2017. However, the first two scale factors of KOMPSAT-3, which were acquired on 14 May 2017 and 27 July 2017, respectively (Table 4) , differed from the last Mongolia case. The main reason for this was that BRDF effects of the surface radiometric tarps were mostly caused by tilted satellite geometry. In the first case alone, laboratorybased BRDF correction could be applied to normalize tilted satellite viewing zenith angle geometry In Table 4 , the main reasons for scale difference between KOMPSAT-3 and -3A are the use of different TDI values and the deterioration of KOMPSAT-3. The reason for applying difference TDIs in this case is that the sensitivity of each sensor changes differently after launch, and TDIs are adjusted to enhance the image interpretation using relative radiometric correction to meet the purpose of satellite mission.
We acquired the four scale factors during the study period in 2017. However, the first two scale factors of KOMPSAT-3, which were acquired on 14 May 2017 and 27 July 2017, respectively (Table 4) , differed from the last Mongolia case. The main reason for this was that BRDF effects of the surface radiometric tarps were mostly caused by tilted satellite geometry. In the first case alone, laboratory-based BRDF correction could be applied to normalize tilted satellite viewing zenith angle geometry to the nadir direction because the illuminator and detector sensors could be overlapped for the second case, as mentioned. In Table 4 , the values in parentheses in the first column are the BRDF corrected scale factors using ANIF values of laboratory BRDF measurements for the sampled tarps. The BRDF corrected scale factors tended to approach the value of the last column scale factors of KOMPSAT-3, but differences remained. We inferred that two-dimensional laboratory BRDF measurements could not reflect the BRDF effect of an azimuth angle direction because the actual satellite and the sun's position were approximately 90 • from each other. In other words, it is effective if the position of the satellite, tarps, and the sun were similar to those with 2D hyperspectral gonioreflectometers; however, BRDF uncertainty increases as these are out of the principle plane, and the uncertainty magnitude is unknown. A common problem of radiometric calibration of optical sensors is how to reduce the expected error factors in order to calculate hypothetical TOA radiance; this can be achieved by carefully preparing the input parameters of the radiative transfer model, especially for atmospheric and ground measurement conditions. We have already shown how radiometric conversion coefficients can be adjusted by simply correcting the variation of satellite geometry using laboratory BRDF measurements, indicating the importance of input parameters for considering the BRDF effects of the radiometric tarp. To report detailed radiometric calibration results, in this study the relative error budgets of various calibrations of KOMPSAT-3 and -3A were analyzed considering the expected error factors. When analyzing the approximate error budget of vicarious calibrations, even worst-case conditions were simply provided to inform readers that these radiometric errors exist. Table 6 shows the estimated error budgets induced by the vicarious calibration of KOMPSAT-3 and -3A during the study periods. They have the same combined error budget values because the sensor specifications for AEISS and AEISS-A and the vicarious calibration algorithm are the same. Among the causes of error, a relative radiometric correction such as non-uniformity and pixel burst contributes the most to total budgets. One of the primary goals of high-resolution optical satellites is to estimate categorical variables such as image interpretation, land cover, land use, and change detection. Therefore, relative (pixel-to-pixel within uniform scenes) radiometric correction was performed to improve their uniformity and sharpness, and to eliminate pixel noise from non-uniform CCD array sensitivity. During the in-orbit-test (IOT), non-uniformity correction (NUC) based on the slide-slither image observation method and an image data restoration (de-noising) algorithm were applied to KOMPSAT-3 and -3A to reduce non-uniformity, eliminate sparkle lines, and minimize the pattern noise by selecting dark DN areas. The raw DN of the CCD sensors are unavoidably changed by this process [47] . More specifically, the NUC method resulted in the greatest DN change, a variation of about 3%. In addition, modulation transfer function compensation (MTFC) de-noising and pixel burst, respectively, resulted in less than a 1% change in the DN. Therefore, a 5% error, which is a sufficient margin due to the DN distortion by the relative radiometric correction.
In this study, we did not interpret how DN variations caused by relative radiometric correction propagate into the absolute radiometric calibration of KOMPSAT-3 and -3A. Different methods of relative radiometric correction exist, such as MTFC, NUC, de-noising, and pixel burst correction; however, the distortion of DN due to relative radiometric correction is too complicated, because it depends on the conditions of the reference target, location, and atmospheric correction. In future research, we aim to interpret the effects of relative radiometric accuracy assessment. In this study, however, we focused on updating the absolute radiometric calibration results of KOMPSAT-3 and KOMPSAT-3A according to TDI adjustments and sensor degradation over time.
In the case of solar irradiance, we used solar irradiance profiles recommended by the Committee on Earth Observation Satellites (CEOS) community [48] as input parameters for the radiative transfer model. In this study, a 1% radiance error was employed since there is no evidence for a change to the solar irradiance data that are used in radiative transfer model calculation [49] . Although there are differences in the wavelength resolution between the 1 nm solar irradiance data and the 2.5 nm spectral resolution of the 6S radiative model do exist, the CEOS profiles have a higher spectral resolution than the 6S model, meaning that this difference should not significantly increase the uncertainty of the input values. In this study, the last two cases of KOMPSAT-3 and -3A satellites in Table 4 were used for the official DN to radiance coefficients of the satellites because they are most similar to ASD Fieldspec ® 3 geometry. However, although the geometry discrepancy between the satellites and the ASD Fieldspec ® 3 is low, observation differences remain. Therefore, we assigned a radiance error of less than 1% due to the last two cases.
During the field campaign, errors in the surface reflectance measurement and fundamental instrument errors of ASD Fieldspec ® were also expected. In the case of surface reflectance error from ASD Fieldspec ® , the reflectance variation within each wavelength SRF of KOMPSAT-3 and -3A has an uncertainty of approximately 1% for each multispectral band when measuring ASD ( Figure 6 ). The dual ASD Fieldspec ® radiometer system was performed to reduce the inherent error of the radiometer and obtain stable and reliable reflectance values for the tarps. By using the dual radiometer system, we minimized the error due to the variation in weather conditions by simultaneously measuring the white reference and the target using the two radiometers. Thus, the errors can be reduced by comparing single ASD Fieldspec ® 3 measurements. Also, the typical instrument error of ASD Fieldspec ® was assigned as less than 1%. Lastly, regarding the atmospheric conditions for AOD, total ozone, and column water vapor, using state-of-art Microtops II ® resulted in valid accuracy values for each piece of atmospheric information. According to the user manual of Microtops II ® , the precision of the instruments is approximately 1-2%. Furthermore, the sensitivity due to these error propagations to the TOA radiance of the radiative transfer model is substantially less than 2%. In the case of AOD, there is no channel at 550 nm, which is used in the 6S radiative transfer model. Therefore, we used the Ångström exponent law to interpolate that an aerosol optical depth of 550 nm, with two neighboring 440 and 870 nm channels. The accuracy of the Ångström exponent law depends mainly on the size and composition of particles and degree of mixing ratio. Under benign weather conditions such as those in Mongolia, it is assumed that the uncertainty due to interpolation based on the Ångström exponent law would be fairly low, and could be used as a generally accepted true value that is used generally [50] . Accurate atmospheric measurement with precise sunphotometers are needed to obtain more specific aerosol optical properties.
Therefore, it is expected to have an error of less than 1% when using the current atmospheric instrument to simulate TOA radiance. To conclude, the combined errors of the vicarious calibration for KOMPSAT-3 and-3A sensors, approximately 5.7%, were based on the assumption that each of the manifested error sources was independent. We know that each of the mentioned error terms is not independent since each error may be offset or amplified during absolute radiometric calibration; some of the errors may or may not also be propagated into others. However, it is difficult to interpret these complicated effects. Therefore, this study simply provides worst-case uncertainty regarding the calculated error budget as a reminder that these radiometric errors exist. Despite efforts to reduce the uncertainties of vicarious radiometric calibration, there are still issues to be addressed in future work. Laboratory-based BRDF measurements were used to normalize the satellite sensor geometry to the nadir direction, but they showed limitations for correcting the BRDF effects of the radiometric tarp. The hyperspectral gonioreflectometer was designed to measure two-dimensional BRDFs, meaning that only the critical plane measurement is available and it is difficult to measure the BRDF effects of azimuth angle. However, the satellite observation geometry has 3-D coordinate measurements. According to Georgiev and Butler [38] , the higher the viewing zenith angle, the higher the BRDF effects in the azimuth angle direction. Future research should consider developing a new three-dimensional gonioreflectometer to determine the BRDF effects of azimuth direction. In addition, due to the characteristic of polar orbiting KOMPSAT satellites that are observing the world area, most of it is observed with the optimized sensor specifications used in this study. However, in some cases, different TDI and relative radiometric corrections are applied in order to enhance the image interpretation in bright areas such as bright desert or snow area. This study did not consider this case since the reflectance range of radiometric tarps is from 3% to 60% similar with most cases of natural reflectance. This means that the updated coefficients can be available in most cases of natural reflectance targets.
Conclusions
We described the vicarious radiometric calibration approach for multispectral imaging sensors of the KOMPSAT-3 and -3A satellites based on field campaigns. Microtops II ® instruments were used to measure atmospheric conditions and were highly efficient in conducting field campaigns multiple times over three study sites due to their simple operation and portability. Additionally, the dual ASD FieldSpec ® hyperspectral radiometer system provided stable reflectances for the reference tarps, even in cloudy atmospheric conditions. Therefore, we conclude that the use of these instruments could increase the efficiency of field campaign-based sensor calibration.
In this study, field campaigns were attempted twelve times, but only four satellite images were obtained due to weather limitations. Furthermore, the satellite images obtained from the two field campaigns in South Korea had somewhat more substantial errors due to the large viewing zenith angles of the imaging sensors. Nonetheless, when considering sensor geometry and weather conditions, the newly updated coefficients obtained from the field campaigns in Mongolia are sufficient to provide users with consistent coefficients for the KOMPSAT-3 and -3A satellite. 
